Background: Lead and cadmium exposures have markedly declined in the USA following the implementation of large-scale public health policies and could have contributed to the unexplained decline in cardiovascular mortality in US adults. We evaluated the potential contribution of lead and cadmium exposure reductions to explain decreasing cardiovascular mortality trends occurring in the USA from 1988-94 to 1999-2004. Methods: Prospective study in 15 421 adults 40 years old who had participated in the National Health and Nutrition Examination Survey 1988Survey -94 or 1999Survey -2004. We estimated the amount of change in cardiovascular mortality over time that can be independently attributed to the intermediate pathway of changes in blood lead and urine cadmium concentrations.
Introduction
Rates of cardiovascular disease mortality, especially coronary heart disease, have markedly declined in the USA since the 1970 s. 1 Primary prevention is based on the premise that reduction in established risk factor levels will translate into subsequent reductions in disease incidence and mortality. Accordingly, models based on aggregated data have estimated that between 25% and 50% of the US mortality trend is explained by primary prevention strategies. 2 These analyses, however, do not consider that the reduction in cardiovascular mortality may be explained by changes in non-traditional risk factors including environmental determinants of cardiovascular risk.
Lead and cadmium exposures have declined in the USA following the implementation of large-scale public health policies such as tobacco control, air-pollution reduction, hazardous-waste remediation, renovation of drinking-water infrastructures and banning of lead in gasoline. 3, 4 Both blood lead and urine cadmium have been associated with a broad range of cardiovascular endpoints in multiple epidemiologic studies. Considering the consistency of the associations across populations, the evidence of a dose-response relationship across studies 5, 6 and biological plausibility from experimental findings, 7-10 lead and cadmium have been proposed as cardiovascular disease risk factors. 5, 6, 11 Little is known, however, about their potential contribution to the decline in cardiovascular mortality in US adults.
The objective of this study was to evaluate whether population changes in the distribution of blood lead and urine cadmium levels explain changes in cardiovascular mortality over time in representative samples of the US general population, after accounting for changes in established traditional cardiovascular risk factors. We implemented a causal inference mediation approach 12 to estimate how much of the decline in cardiovascular mortality rates between 1988-94 and 1999-2004 can be independently attributed to changes in lead and cadmium exposures as measured based on established biomarkers of metal internal dose.
Methods

Study population
The National Health and Nutrition Examination Survey (NHANES) uses a complex multistage sampling design to obtain representative samples of the non-institutionalized US population. 13 We used data from NHANES III (1988-94), which were collected in two phases (1988-91 and 1991-94) , and from NHANES 1999-2004, which were collected in three phases (1999-2000, 2001-02 and 2003-04) . We included 21 418 adults aged 40 and older. Supplementary  Figure 1 (available as Supplementary Data at IJE online) shows the flow chart of participant exclusions by study period, which left 15 421 participants for this analysis.
Key Messages
• Blood lead and urine cadmium have been associated with a broad range of cardiovascular endpoints in multiple epidemiologic studies. However, the contribution of lead and cadmium changes over time to cardiovascular mortality trends has not been formally investigated.
• Our findings suggest that reducing lead and cadmium exposures may be an overlooked public health achievement by preventing a substantial amount of cardiovascular deaths in the USA.
• Since both metals remain associated with cardiovascular disease at relatively low levels of exposure, primary prevention strategies minimizing avoidable lead and cadmium exposures could further contribute to the prevention and control of cardiovascular disease in general populations. In NHANES 1988-94, urine cadmium was measured in duplicate by GFAA spectrometry (model 3030; PerkinElmer, Norwalk, CT, USA) with Zeeman background correction, and the average of the two measurements was reported. 14 In NHANES 1999 -2004 , urine cadmium was measured only in a random one-third subsample of the study population by ICP-MS spectrometry (ELAN, PerkinElmer) in 1999-2002 and by ICP-dynamic reaction cell (DRC)-MS (ELAN DRC, PerkinElmer) in 2003-04. The remaining two-thirds of 1999-2004 NHANES participants who were not selected for urine cadmium measurements (N ¼ 4852) had cadmium concentrations missing completely at random and we imputed their cadmium concentrations as the median of each participant's posterior cadmium distribution generated from a Markov Chain Monte Carlo with Gibbs sampling under a prediction model based on urine cadmium determinants. The imputation method has been described in detail elsewhere. 15 The median (interquartile range) of measured and imputed urine cadmium levels in NHANES 1999-2004 were 0.40 (0.21, 0.71) and 0.38 (0.22, 0.61) lg/L, respectively. Creatinine-corrected urine cadmium concentrations were reported in micrograms cadmium per gram creatinine.
Blood lead and urine cadmium
Cardiovascular risk factors
Information on age, sex, race/ethnicity, smoking status, physical activity, and medical history and medication use was based on self-report. Height, weight, and systolic and diastolic blood pressure were measured at the physical examination. We used a combination of laboratory, examination and interview data to define smoking status, leisure-time physical inactivity, obesity, hypertension, diabetes, high total cholesterol and low HDL cholesterol according to standard criteria (see Supplementary Methods, available as Supplementary Data at IJE online).
Mortality follow-up
NHANES 1988-94 and 1999-2004 participants were followed for mortality through 31 December 2006. Vital status and cause of death were determined by probabilistic matching between NHANES records and death certificates from the National Death Index (NDI) based on identifying data elements. 13 Cause of death was determined using the underlying cause listed on death certificates and was coded using the International Classification of Diseases, 10th Revision (ICD-10). 16 The study endpoints were cardiovascular disease (ICD-10 codes I00-I78) and coronary heart disease (ICD-10 codes I20-I25) mortality. Follow-up time for each individual was calculated as the difference between the age at the date of the NHANES examination and the age at the date of death, age on 31 December 2006 or age 90 years, whichever occurred first. Follow-up was censored at age 90 years because of the high mortality after this age and the low number of participants who were contributing persontime experience. The length of available follow-up differed by NHANES period (maximum follow-up of 19 years for 1988-94 participants and 8 years for 1999-2004). In order to make the length of follow-up comparable for both survey waves, we censored the follow-up of NHANES 1988-94 as of 31 December 1996.
Statistical methods
Due to the different selection probabilities of NHANES participants, all analyses were weighted to the underlying US adult population aged 40 or older. Statistical methods for the estimation of summary trends, association between lead and cadmium with cardiovascular outcomes, and subgroup analyses can be found in the Supplementary Methods (available as Supplementary Data at IJE online). The objective of our mediation analysis was to evaluate whether the effect of survey period on mortality (effect of time on mortality) can be explained (i.e. mediated) by temporal changes in established biomarkers of exposure to lead and cadmium (i.e. mediators), after accounting (i.e. adjusting) for cardiovascular risk factors (such as age or other traditional cardiovascular risk factors). More details regarding our conceptual mediation model and corresponding directed acyclic graph (DAG) can be found in the Supplementary Methods (available as Supplementary Data at IJE online). Thus, we studied the contribution of changes in blood lead and urine cadmium concentrations between NHANES 1988-94 and 1999-2004 to the corresponding absolute changes in cardiovascular and coronary heart disease mortality rates (i.e. changes in mortality mediated by lead and cadmium) in two alternative ways. First, we used the traditional 'difference in coefficients' approach. 17 We estimated the absolute change in mortality rates comparing 1999-2004 to 1988-94 from the coefficient associated with survey period indicator (NHANES III vs NHANES 1999-2004) in two nested Aalen additive hazard models with individual age-at-death data. Both models included the same set of confounders, but one model adjusted for log-transformed metal concentrations and the other one did not. We then calculated the effects mediated through lead and cadmium as the difference in the mortality rate changes across surveys (in absolute and relative terms) estimated from both models.
Second, we used the 'product of coefficients' method in causal mediation analysis. 12 We fitted linear regression models for log-transformed lead and cadmium concentrations by survey period indicator and confounders (mediator models), as well as the complete Aalen additive hazard model for mortality by survey period indicator, logtransformed lead and cadmium, and confounders (outcome model). We then calculated the effects mediated through lead and cadmium as the product of the mean change in log-metal concentrations between surveys estimated from the mediator models and the absolute change in mortality rates associated with log-transformed metal concentrations in the outcome model. The difference and product methods are identical for continuous outcomes and are expected to give similar results when using Aalen additive hazard models in survival settings, provided that the association of lead and cadmium with mortality is homogeneous in both survey periods. 18 We used a semi-parametric specification of the additive hazard models, which only allowed the baseline hazard to be time-dependent. All additive hazard and linear regression models were fitted with three increasing levels of adjustment. The first models adjusted for age (as time scale in Aalen models and as restricted cubic splines of baseline age in linear models), sex and race. To account for changes in traditional cardiovascular risk factors over time, the second models further included baseline smoking status, physical inactivity, obesity, hypertension, diabetes, high total cholesterol, low HDL cholesterol and lipid-lowering medication. Finally, blood lead and urine cadmium were moderately correlated (r spearman ¼ 0.27). Thus, the third models mutually adjusted log-transformed lead and cadmium concentrations for each other.
Mediated effects were expressed as the absolute decline in mortality rates from 1988-94 to 1999-2004 attributable to reductions in lead and cadmium, as well as the percentage of the adjusted mortality decline across surveys explained by these metals, with 95% confidence intervals (CIs) derived by simulation from the estimated model coefficients and covariance matrices. 12 
Results
The age-, sex-and race-adjusted cardiovascular mortality rate was 691.9 deaths per 100 000 person-years in 1988-94 and 392.7 deaths per 100 000 person-years in 1999-2004 (see Supplementary Table 1 , available as Supplementary Data at IJE online). Reductions in cardiovascular and coronary heart disease mortality were observed overall and in almost all subgroups investigated, including sex and smoking status categories ( Figure 1 ; see Supplementary Table 1 , available as Supplementary Data at IJE online). The age-, sex-and race-adjusted geometric means of blood lead and urine cadmium were 3.2 mg/dL and 0.51 mg/g, respectively, in 1988-94 and 1.9 mg/dL and 0.36 mg/g, respectively, in 1999-2004 (see Supplementary Table 2 , available as Supplementary Data at IJE online). The risk factoradjusted rate ratios (95% CI) associated with a doubling of blood lead and urine cadmium concentrations were 1.19 (1.07, 1.31) and 1.20 (1.09, 1.32), respectively, for cardiovascular mortality and 1.24 (1.10, 1.41) and 1.19 (1.02, 1.38), respectively, for coronary heart disease mortality ( Table 1 ). The association of blood lead and urine cadmium with cardiovascular mortality endpoints was similar across survey periods. Never smokers showed stronger associations of lead and coronary heart disease mortality compared with ever smokers ( Table 1) .
The age-, sex-, race-and risk-factor-adjusted difference in cardiovascular mortality rates between 1999-2004 and 1988-94 was -230.7 (-328.2, -133.1) per 100 000 personyears ( Table 2 ). Further adjusting for blood lead (without cadmium) explained 25.4% of the reduction in cardiovascular disease mortality rates, whereas further adjusting for urine cadmium (without lead) explained 11.2%. Simultaneously adjusting for both blood lead and urine cadmium explained 32.0% of the reduction in cardiovascular disease mortality rates from 1988-94 to 1999-2004. A similar pattern was observed for coronary heart disease mortality ( Table 2 ). In absolute terms, of the 230.7 deaths per 100 000 person-years avoided in 1999-2004 compared with 1988-94 in age-, sex-, race-and risk-factor-adjusted analyses, we estimated that 51.9 (95% CI 9.0, 97.1) and 19.2 (95% CI 4.5, 36.2) deaths per 100 000 person-years were independently attributable to adjusted changes in lead and cadmium, respectively (Tables 3 and 4 ).
We conducted sensitivity analysis by adding additional adjustments for variables that can act as a proxy of socioeconomical status (low education, familiar poverty index ratio) and exposure to tobacco smoke (cotinine and pack-years of cumulative active smoking), with consistent findings (Supplementary Table 3 , available as Supplementary Data at IJE online). After additional sensitivity analyses that included adjustment for systolic blood pressure (continuous) and blood-pressure-lowering medication instead of hypertension status, and total and HDL cholesterol levels (continuous) instead of high total cholesterol and low HDL cholesterol categories, the results remained essentially unchanged (data not shown). The reduction in cardiovascular mortality attributed to lead was markedly stronger in women and in never smokers (see Supplementary Tables 4 and 5, available as Supplementary Data at IJE online).
Discussion
Using individual data from NHANES, cardiovascular mortality rates decreased by 43% from 1988-94 to 1999- 2004. After accounting for traditional risk factors, 32% of the cardiovascular mortality avoided in the USA comparing 1999-2004 to 1988-94 was attributed to overall declines in lead and cadmium exposures. Although a large proportion of the reduction in cardiovascular disease mortality remained unexplained, these findings support the importance of lead and cadmium in explaining the marked reduction in cardiovascular disease observed in the USA in the last decades.
Lead exposure, one of the most important environmental problems of the twentieth century, has declined markedly since the 1970 s, after the US government banned the Absolute change in mortality rate by survey period before and after adjustment for blood lead and urine cadmium was estimated from Aalen additive hazard models with age at follow-up as the time scale, survey period indicators and progressive degree of adjustments. b Mediated effect by blood lead and cadmium was calculated using the 'difference of coefficient method' as the absolute change in mortality rates between surveys in the reference model minus that absolute change in the model further adjusted for the log-transformed metal concentration, expressed both in absolute terms (difference in change) and relative to the change in the reference model. Further adjustment for other baseline cardiovascular risk factors (physical inactivity, obesity, hypertension, diabetes, high total cholesterol, low HDL cholesterol and lipid-lowering medication) did not materially affect the results. use of lead in gasoline, paint and the soldering of cans. Lead exposure, however, still remains substantial because of widespread soil contamination, persistence of past uses (house paint and plumbing), continuing industrial uses (primarily for batteries) and presence in tobacco and tobacco smoke. 4 The general population is exposed through ambient air, dust, drinking water, alcohol, and certain foods and tobacco smoke. 19, 20 Blood lead is an established biomarker of recent exposure, although it also shows a slow component with a half-life of 5-20 years that reflects endogenous exposure from bone lead redistribution. 21 Cadmium is a by-product from mining and smelting. Its industrial production started in the 1930 s. [22] [23] [24] The use of cadmium in consumer products (e.g. plastics, pigments, batteries) [22] [23] [24] and cadmium content in fertilizers has resulted in soil contamination. Soil contamination of cadmium is problematic because vegetables and grains bioconcentrate cadmium, 22 providing a major pathway for exposure through diet and tobacco. Ambient air and dust can also contribute to cadmium exposure, particularly in urban areas and in the vicinity of industrial sources and waste sites. 25 Cadmium progressively accumulates in the kidney (half of body burden), liver, pancreas and the central nervous system. 22 In urine, cadmium reflects kidney cadmium contents and, with a half-life of 15-30 years, is an established biomarker of cumulative body burden.
NHANES has conducted biomonitoring of lead and cadmium exposure in representative samples of the noninstitutionalized US population since 1976. 13 These national data have documented the marked reduction in exposure to lead and cadmium over the last decades 3, 4 showing the positive impact of large-scale public health policies. NHANES II (1976 to 1980), which coincided with the banning of lead in gasoline, documented the tight connection between changes in lead concentrations in ambient air and blood lead concentrations. 26, 27 Recent declines in cadmium exposure in the US population have been partly attributed to declines in smoking prevalence and intensity and in exposure to second-hand smoke, benefiting both ever and never smokers. 3 Experimental and epidemiological studies provide strong evidence to infer a causal role for lead and cadmium Absolute changes in mortality rates (per 100 000 person-years) associated with one-unit increase in log-transformed blood lead or urine cadmium concentrations were obtained from Aalen additive hazard models of age-at-death data by survey period indicators, log-transformed baseline metal concentrations and progressive degree of adjustments. b Effects mediated through lead and cadmium were estimated with the 'product of coefficients method' that multiplies the coefficient for the mean change in logtransformed metal concentrations between surveys (Table 3 ) by the absolute change in mortality rates associated with one-unit increase in log-transformed metal concentrations (first column of this table) expressed in absolute terms (difference in change reflecting the number of avoided deaths per 100 000 person-years) and relative to the adjusted changes in mortality rates between surveys before adding log-metal concentrations to the model (reference model from Table 2 ). The 95% confidence intervals (CIs) were derived by simulation from the estimated model coefficients and covariance matrices. in atherosclerosis. 9, 10, 28 Potential mechanisms include disruption of redox balance, 7-9,29-32 epigenetic 33 and endocrine 34 pathways. Epidemiologic studies from different geographical locations and time periods have reported positive associations of lead and cadmium with atherosclerotic disease, 5, 6 including cardiovascular mortality and the prevalence and incidence of endpoints such as myocardial infarction and coronary heart disease, [35] [36] [37] [38] [39] [40] stroke, 36, 39, 41, 42 heart failure, [41] [42] [43] peripheral arterial disease, 4, 15, [44] [45] [46] [47] and carotid atherosclerosis. 28, 48, 49 Metaanalysis and systematic reviews of observational studies add to the body of evidence supporting the role of lead and cadmium as cardiovascular risk factors. 5, 6 Whereas randomized clinical trials evaluating the cardiovascular effect of lead and cadmium exposures are obviously not available, a double-blind placebo-controlled randomized trial of patients with previously diagnosed myocardial infarction found a reduction in a composite cardiovascular endpoint in participants who received chelation therapy with ethylene diamine tetra acetic acid (EDTA) compared with placebo. 50 Lead and cadmium are chelated by EDTA and their removal provides a potential explanation for these results. 51 Unfortunately, lead and cadmium levels were not measured in that trial. Future studies investigating the effects of chelation to prevent cardiovascular disease should include metal measurements and incident endpoints. 52 Many environmental, dietary and lifestyle factors have changed in the last decades. For instance, air-pollution levels have declined substantially in the USA. 53 The contribution of changes in air pollution to declining blood lead and urine cadmium biomarkers in our study population is unknown. If that contribution is important, declining trends in blood lead and urine cadmium could potentially act as a proxy for declines in other air pollutants. Although we cannot discard that our associations for lead and cadmium could be related to reductions in air-pollution exposure in the last decades, multiple sources contribute to lead and cadmium exposure beyond air pollution.
In addition to environmental and lifestyle factors, there have been multiple advances in treatment and secondary prevention of cardiovascular disease in the USA, including generalized use of cardioprotective medications such as bblockers, cardiac interventions and advanced acute support care. In our data, we lacked information on prognostic factors and cardiovascular interventions, and we could not incorporate into the analysis changes in secondary prevention in the USA that has likely resulted in a decrease in cardiac deaths. Furthermore, since we did not have longitudinal data in lead or cadmium exposure in the same subjects, we cannot discard that some of the period effects that we attribute to lead or cadmium can be caused by changes in unmeasured primary or secondary prevention factors.
Other limitations should also be considered in the interpretation of our findings. Mortality outcomes were obtained from death certificates, with potential miscoding of the cause of death. Changes in death certificates coding over time could affect observed trends in cardiovascular mortality. However, methods for matching NHANES participants with the NDI have been validated 13 and developed with the goal of tracking mortality changes over time. In addition, we did not have data on incident events or on duration of disease. Studies evaluating incident events are needed to fully evaluate the impact of decreasing lead and cadmium exposures on cardiovascular burden.
As in other epidemiologic studies, we cannot discard residual confounding. We adjusted for potential confounders using models with increasing degree of adjustment. The causal interpretation of mediated effects under all the degrees of adjustment is imperfect, since adjusting for demographic factors only leaves room for substantial residual confounding, whereas full adjustment may introduce interrelated causal pathways that could compromise the identifiability of mediation effects. 54 Lead and cadmium are prevalent metals with common sources of exposure including air pollution and smoking. [21] [22] [23] However, the estimated contribution of lead and cadmium to cardiovascular mortality trends were largely independent of each other, as the sum of their contributions in separate models was similar to their joint contribution in a single model. 55 In addition, the difference of coefficients and the product of coefficients methods showed consistent results, as expected.z Our analysis has important strengths, including the relatively large sample size, the availability of detailed information on relevant cardiovascular risk factors, the standardization of the study protocol, the extensive laboratory quality control and the representativeness of the study sample. Importantly, blood lead and urine cadmium were measured in the same laboratory under strict qualitycontrol measures with the goal of tracking concentrations over time.
The declines in lead and cadmium exposure occurring in the last decades in the USA were associated with large reductions in cardiovascular mortality. These findings support that reducing lead and cadmium exposures may have potentially resulted in an overlooked public health achievement. The general population, however, remains exposed to both lead and cadmium, and both metals remain associated with cardiovascular disease at relatively low levels of exposure. 5, 6 Preventive strategies to enable additional reductions in exposure to lead and cadmium could further improve cardiovascular health in the population.
